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Objective

To provide an introduction to the concept of DNA methylation
and its function in normal cells, and to explain the possible
mechanisms as to how abnormalities in this phenomenon can
relate to carcinogenesis. The clinical implications with refer-
ence to common malignancies encountered in surgical prac-
tice are discussed.

Summary Background Data

Methylation of DNA is a heritable, enzyme-induced modifica-
tion to DNA structure without alteration of the specific se-
quence of the base pairs responsible for encoding the ge-
nome. DNA methylation can both directly inhibit the
expression of genes and also increase the probability that af-
fected genes undergo a mutational event. Although DNA
methylation plays an essential role in normal biologic pro-
cesses, distinct and abnormal patterns of methylation are
observed in cancers. In particular, there has been in-
creased documentation that methylation of the promoter
regions of several genes, including known tumor suppres-
sSor genes, results in the subsequent failure to express their
functional proteins. Consequently, DNA methylation may
represent an early and fundamental step in the pathway by
which normal tissue undergoes neoplastic transformation.
Further, an assessment of the methylation profiles within
neoplastic tissues may provide key information in enhanc-

ing the diagnosis, predicting the clinical behavior, and de-
signing specific treatment plans for individual patients.

Methods

Published literature from 1925 to 2000 contributing to an un-
derstanding of the purpose of DNA methylation and how pa-
thology of this phenomenon could contribute to cancer are
reviewed. Theories on these issues and the evidence that led
to them are described. The present status of the subject in a
clinical context is discussed.

Results

Gene expression can be significantly modulated by alterations
in DNA methylation patterns. Methylation within the promoter
regions of tumor suppressor genes causes their silencing,
and methylation within the gene itself can induce mutational
events. These mechanisms may play a fundamental role in
precipitating the development of a large and diverse number
of human cancers.

Conclusions

DNA methylation is an important factor in the development of
cancer. A greater understanding of the relationship between
DNA methylation events at the molecular level and its interac-
tion in the clinical context may provide the basis for future ad-
vances in the surgical and pharmacologic management of
malignant diseases.

GENE EXPRESSION, CELL BEHAVIOR,
AND PATHWAYS TO CANCER

The expression of genetic information within an individ-

genes and thereby adversely affect cellular function to such
a degree as to initiate a pathologic process. Cancer cells, for
example, must undergo a number of molecular events that

ual cell dictates how that cell subsequently behaves. Even low them to acquire several distinct but pathologic behav-

at the molecular level can influence the expression of certalfr@ Properties. These properties result in deleterious clin-
ical consequences for the patient in whom the cancer cell

resides, but paradoxically empowers that abnormal cell and
its progeny with a survival advantage over normal cells.
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Figure 1. DNA double helix and CpG dinucle-
otide pairs. DNA structure with opposing base
pairs arranged on a double helix sugar-phosphate
backbone. CpG dinucleotide pair units that are
the sites for possible methylation are outlined.
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factors, evasion of programmed cell death (apoptosis), susietics. The methylation of DNA is recognized as a key
tained angiogenesis, and the ability to invade and metastamechanism in the regulation of gene expression in this way,
size! Each of these traits is influenced by a gene or set oind evidence for its role in the development of a wide
genes. Failure to express the gene correctly and produaariety of cancers is accumulatifg.
functional regulatory proteins leads to the uncontrolled pat-
terns of cell behavior observed in a typical neoplasm.

Basic models describing the evolution of normal cellsMETHYLATION OF DNA: A NORMAL
into cancer cells imply that a series of distinct proliferative CELLULAR FUNCTION
changgs are u.nd_ergor_le, which iq some cancers can lﬁ’NA Methylation and Gene Inactivation
classified into distinct histopathologic lesions. Common ex-
amples are the adenoma-to-carcinoma sequence for colorec-In 1953, a model for the structure of DNA was outlined
tal cancer and the metaplasia-to-dysplasia-to-carcinoma sy Watson and CricR.This consists of two complementary
guence for esophageal adenocarcinoma. At each stage, tegands of nitrogen containing base pairs joined to a 5-car-
cell acquires some but not all the attributes of a cancer celbbon sugar, deoxyribose. These link together to form a poly-
as defined at the molecular level, and each one of thesmer with phosphodiesterase bonds, creating a sugar—phos-
changes is secondary to a discrete molecular event. Knugbhhate backbone to which the bases are attached. The four
son in 197% proposed the “two-hit” hypothesis and used it bases consist of two pyrimidine groups, cytosine (C) and
to explain this phenomenon in retinoblastoma. The suggeghymine (T), and two purine groups, guanine (G) and ade-
tion was that to transform the normal cell into a malignantnine (A). Their sequential combination constitutes the code
cell, two discrete “hits” or molecular events to both allelesfor each gene. The complementary strands give rise to a
of a gene involved in the control of cell proliferation—in double helix geometry as a result of the hydrogen bonds
effect a tumor suppressor gene—are necessary. Intermedinking C with G, and A with T (Fig. 1).
ate steps in this overall multistage process may result in Transcription is the process by which a messenger ribo-
limited gene inactivation and the formation of the prema-nucleic acid (MRNA) template is formed from the DNA
lignant lesions that are sometimes observed preceding fullgequence of a gene. RNA polymerase, which is responsible
invasive cancer. for generating the manufacture of mRNA from a DNA

Much of the focus of molecular biologic research hasstrand, recognizes and binds, before transcribing the gene,
concentrated on investigating the role of genetic changes—te a promoter region located upstream from the gene itself.
that is, direct alterations of DNA base sequence througffhe mRNA then forms the framework for the assembly of
mutation, deletion, or insertion, and their effect on subseamino acids, where each triple sequence of base pairs rep-
guent gene expression and cell behavior. Recently, alternaesents the code for a certain amino acid. This second
tive mechanisms of gene modulation have been comingrocess, translation, concludes with the formation of cell
under scrutiny that, without disrupting the actual sequenceroteins that regulate or support functions of the cell. This
of a gene, affect its expression and remain preserved aftéranscription—translation pathway from DNA to protein re-
cell division. The inheritance of information on the basis offers to the so-called central dogma in the molecular biology
gene expression rather than base sequence is termed epigé-the cell, and successful gene expression relates to the
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Figure 2. The methylation cycle. Methylation of the 5-carbon on the
cytosine residue is executed by the DNA methyltransferase enzyme,
which uses a methyl group from S-adenyl methionine (SAM). This is
converted to S-adenyl homocysteine (SAH), which is then broken down
to homocysteine (HCY) and adenosine. SAM is reconstituted from HCY
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Figure 3. Transcriptional repression resulting from alteration of chro-
matin structure. Methylated DNA binds to a protein complex consisting
of a methyl binding protein (MBP), which has a methyl-binding domain
and a transcriptional repression domain, a corepressor molecule (CR),

and a histone deacetylase (HDAC). After binding of this complex to the
methylated DNA, the histones around which the DNA is wrapped be-
come deacetylated, resulting in a compression and compaction of the

. e . . chromatin structure. This makes the DNA inaccessible, and thus func-
transformation of a specific genetic sequence into a properly, transcription is no longer possible.

functioning cellular protein.
DNA methylation is an enzyme-induced chemical mod-

ification to the DNA structure. A methyHCHz) group is  torm chromatin become deacetylated. This causes changes
covalentlly bond.ed to the 5-carbon on the cytosine base. ThiS, ihe chromatin structure, making it more condensed and
process is mediated by one or more of a group of enzymeg, pNA |ess accessible, preventing active transcription
known as DNA methyltransferases. The methyl group istm taking place (Fig. 3). Reversal of this effect can be

provided by S-adenosyl methionine (SAM), and this iS5chieved using an inhibitor of histone deacetylase, trichos-
converted to S-adenosyl homocysteine (SAH) in the prog,;in A (TSA), which overrides this transcriptional
cess. This is recycled back to SAM in a folate- and cobal-,

H inn6—8

amin-dependant pathway (Fig. 2). Biologic methylation insnencmg.
vertebrates occurs only on the cytosine bases, and furth@unction of Methylated DNA
only on those linked directly to a guanine by the phosphodi-
esterase link, forming a CpG dinucleotide pair (see Fig. 1).  The possible existence of methylated cytosines within

Early descriptions documented that the presence of DNAODNA has been known since the early part of the last
methylation roughly correlated with a decrease in genetigentury. They were initially described within the DNA from
expression. It is now established that this inverse relationthe tubercle bacillusand subsequently were extracted from
ship between DNA methylation and gene expression igalf thymus, where they were known as epi-cytosine, pro-
specific for when methylation occurs at the promoter re-ducing a different chromotographic profile from normal
gions of the gene. The process was initially thought to becytosine!® Their purpose was not defined until relatively
due simply to the physical effect of the methyl group recently. It was speculated that they acted as a primitive host
protruding from the DNA and interfering with the mechan- defense mechanism to silence invading DNA from viral
ics of transcriptiorr. At present the inhibitory mechanism is organisms and provided an explanation for the latency of
thought to occur through the binding of specific proteins tocertain viral infections and how such agents can escape
the methylated DNA sequences. These proteins, such aketection:'*?
MeCP2, belong to a family of proteins that contain a meth- Today, DNA methylation is known to be an essential and
yl-CpG binding domain (MBD) that recognizes and binds normal component of mammalian embryogenesis. Targeted
preferentially to methylated CpG groups irrespective ofmutations of DNA methyltransferase genes in mice knock
gene sequence. The protein also contains a transcriptionalit or drastically reduce enzyme production and methyl-
repression domain (TRD), which forms a complex with aation activity and result in early embryonic lethalitySev-
variety of corepressor molecules (e.g., mSin3A) and histoneral different genes encoding DNA methyltransferases have
deacetylase proteins (e.g., HDAC1, HDAC2). When thisbeen identified. These enzymes exhibit two distinct func-
protein complex binds to methylated DNA, the histonetions but vary in their ability to perform one or the other.
proteins around which the DNA strands are wrapped torhe functions are known as maintenance methyltransferase

by methionine. Folate and cobalamin are required for and provide the
methyl groups for this reaction.
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Figure 4. Mechanisms of carcinogenesis induced by methylation events. (A) Activation of previously silent
protooncogenes after hypomethylation. (B) Silencing of tumor suppressor genes after methylation of gene
promoter region.

activity and de novo methyltransferase activity. Mainte-METHYLATION OF DNA: A ROLE IN
nance methyltransferase activity is responsible for methylCARCINOGENESIS

ation of newly synthesized strands of DNA based on the ] ]

template of a single parent strand. Maintenance methylodels of Tumorigenesis

transferase activity recognizes the hemimethylated pattern Altered methylation patterns are known to occur in the

of the parent strand and then faithfully reproduces this OThNA of cancer cells. Two patterns have been observed:
the daughter s_trar_wd, allowing thi_s _feature to be heritabIQNide areas of global hypomethylation along the genome,
after DNA replication and cell division. The second func- and localized areas of hypermethylation at certain specific

tion, de novo methyltransferase activity, is thought to besites, the CpG islands, within the gene promoter

responsible for new methylation (methylation of previously regiong20-21

unmethylated bases). This activity occurs extensively inthe gocad on these patterns, several theories have emerged to
early stages of embryo development after implantation;mjicate DNA methylation mechanisms in carcinogene-
Before implantation, the fertilized egg undergoes a wave o522 |, fundamental genetic models of cancer, the ampli-
demethylation that deletes most of the preexisting patterng.ation of protooncogenes, or the silencing of tumor sup-
of methylation inherited from parental DNA, paving the pressor genes, disrupts the balance that normally controls
way for a new pattern of methylation in the embryo. cell proliferation and drives it through the succession of
A moderately decreased level of the methyltransferas@,ents leading to full malignant status. Thus, in theory,
results in less extensive disruption of methylation patterngjecreased methylation, and hence relief of transcriptional
and is compatible with fetal survival. In humans, mutationssnencing, may allow the expression of previously quiescent
of one of the genes coding for a methyltransferaseprotooncogenes to become active and induce the cell pro-
DNMT3RB thought to be responsible for specific methyl- jiferation events (Fig. 4). Alternatively, increased methyl-
ation of centromeric satellite repeat sequences, results in thgtion at previously unmethylated sites, such as the promoter
rare ICF syndrome (immunodeficiency, centromeric heteroregions of a tumor suppressor gene, may result in their
chromatin instability, and facial anomali€s).'” Once a  silencing through inhibition of transcription and their inabil-
new methylation pattern has been established throughouty to suppress cell proliferation.
the genome in the embryo, it remains constant and is main- Abnormal methylation patterns can also indirectly affect
tained throughout life. This function provides the means bygene activity with the disruption of the transcription—trans-
which the cell can regulate its own activity by switching off |ation process by increasing the probability for a mutational
the expression of certain genes when not required. Examevent to take place and reducing overall chromosomal sta-
ples of this phenomenon in normal cells are the globability, resulting in the manufacture of a dysfunctional pro-
silencing of genes on the additional X-chromosome in fe+tein product. Methylated cytosine has a greater propensity to
males, preventing the double expression of genetic inforundergo spontaneous deamination and the formation of
mation compared with malé§,and the imprinting of genes thymine. If this does occurs on a tumor suppressor gene,
(i.e., the inactivation of one set of parental genes out of thehen a point mutation develops and loss of control of cell
two alternative copies availabléj. proliferation can occur (Fig. 5).
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PRE-NEOPLASTIC NEOPLASTIC (Apo gene (Min mice) develop a condition that resembles
human familial adenomatous polyposis coli. These mice
:> 0 develop myltiple (>109) intestinal polyps in the first 6
I months of life. Reduction of DNA methyltransferase activ-
HN CH, ity in Min mice can be achieved through cross-breeding
with mice heterozygous for a DNA methyltransferase gene
J oL that express lower levels of endogenous DNA methyltrans-
0 0 ferase. Further inhibition of the enzyme activity can be
N N achieved pharmacologically with the addition of 5-aza-2'-
deoxycytidine (5-aza-dC), potentiating the genetic effect.
Through this combination of genetic and pharmacologic
5m Cytosine Thymine disruption of enzyme function, polyp formation can be
drastically reduced by more than fifty-fold in these miée.
Another example is the hypermethylation of the CpG
promoter region of the mismatch repair gelH1 ob-
served in a subgroup of human colorectal cancers that show
microsatellite instability. Microsatellite sequences are poly-
morphic, short, repeating segments of DNA between 1 and
Despite considerable early interé3tinvestigators have 4 pase pairs distributed across the genome, and alterations to
failed consistently to implicate a definitive role for hypom- their pattern frequently occur if there is a deficiency in the
ethylation and the subsequent activation of protooncogenesells’ ability to repair defects in DNA. The methylation of
(see Fig. 4). An example of such a relationship was noted imLH1 results in failure to produce a functional protein and
the BCL-2 gene and human B-cell chronic lymphocytic impairs the ability of the cell to repair mismatches that
leukemia®* but further support for hypomethylation and occur in the genome during proliferation, resulting in an
resultant activation of protooncogenes in this manner hagcreased mutation rate some 100 times greater than that in
not been forthcoming. Although reduced levels of methyl-normal cells. Microsatellite instability is noted in approxi-
ation of genes includin@-MYCin human tumors have also mately 13% of all sporadic cases of colorectal cancer and in
been reported, it has not been possible to show convincingliearly all patients with hereditary nonpolyposis colorectal
that this is indeed responsible for increased levels of gengancer, which in turn is linked to mutations of the mismatch
expression rather than merely a secondary characteristigpair genebMLH1 andhMSH2 In a significant proportion
observed in cancer ceffs. of tumors positive for microsatellite instability, no muta-
tional abnormality can be shown, but hypermethylation and
loss of hMLH1 protein expression does occur. This phe-
In the human genome, the overall prevalence of CpGomenon is also observed in colorectal cancer cell lines, in
dinucleotide pairs is significantly less than would be ex-which pharmacologic reversal of methylation events with
pected statistically from the possible combinations avail-5-aza-dC restores both expression of hMLH1 protein and
able. The actual prevalence is only about 1% as opposed tmismatch repair capacify.
the expected 6% (1/16). However, localized high-density In a similar manner, the inactivation of tHeDKN2A
concentrations of CpG repeat sequences between seve(all6) tumor suppressor gene, located on the short arm of
hundred to a few thousand base pairs are noted to exist @ahromosome 9, has been reported in several human cancers.
islands in the promoter regions of many common genes, an@lhe p16 product protein is a cyclin-dependant kinase inhib-
in particular genes associated with tumor suppres&ion. itor and interferes with the cell cycle, thereby preventing
These are normally unmethylated, but should these regionsellular proliferation. Genetic alterations to it through point
become methylated, failure to transcribe the downstreammutations and deletions have been reported in a wide vari-
gene occurs, causing silencing of that gene (see Fig. 4). ety of human cancerS. Loss of heterozygosity op16 is
This hypothesis can be confirmed if the reduction ofcommonly found in both esophageal adenocarcinoma and in
DNA methyltransferase function through pharmacologic in-Barrett's metaplastic epithelium, the premalignant epithe-
hibition or gene inactivation results in reexpression of predium from which adenocarcinoma can evoRfeHowever,
viously silenced genes. Substantive evidence that localizefilirther mutations or deletions of the remaining copy of the
hypermethylation is responsible for rather than secondary tp16 gene are not common in this canééiThe explanation
tumor-related gene inactivation has been accumulating frorfor adequate total gene inactivation in this situation was
data derived from experimental animal models and celunclear. Recent demonstrations have shown that the pro-
culture technology, and observations in human tumomoter region ofpl6 is hypermethylated in patients with
tissues. esophageal adenocarcinoma, suggesting that this epigenetic
For example, mice with heterozygous, multiple intestinalmechanism can act in concert with a genetic event to inac-
neoplasia mutations of the adenomatous polyposis colivate the gene fully? The observation that this pattern is

Figure 5. Methylation precipitating a point mutation. Cytosine-to-
thymine point mutation after deamination of methylated cytosine.

Hypomethylation and Gene Activation

Hypermethylation and Gene Silencing
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Table. EXAMPLES OF GENES INVOLVED IN CELL PROLIFERATION AND METHYLATED

IN CANCER
Gene Function Cancer
p16 (CDKN2A) Cell cycle control Esophagus,® gastric,*® colorectal,**3° pancreas,*° lung,*" bladder,3®
ovary,*? breast,>* melanoma*®
p15 (CDKN2B) Cell cycle control Leukemia®*“°
MLH1 (HNPCC) Mismatch repair Gastric,*846 colorectal,?® endometrium,*' ovary*”
THBS1 (Thrombospondin-1) Angiogenesis inhibition Colorectal*®
CDH-1 (E-Cadherin) Metastasis inhibition Breast, % thyroid®"
TIMP-3 (Tissue inhibitor MP3) Metastasis inhibition Kidney, brain, breast, colon, lung®?
ER (estrogen receptor) Growth suppression Colorectal,®® breast,®* lung,®® leukemia,®® prostate®”
AR (androgen receptor) Growth suppression Prostate®®

also observed in the metaplastic Barrett's epithelium, par- This complements our present understanding of the ge-
ticularly when associated with the more advanced dysplastinetic abnormalities that are already documented in certain
lesion$® but without the presence of frank malignancy, neoplasms but which alone cannot fully explain the com-
indicates that the loss pfl6function as a result of mutation plete picture of the molecular events leading to malignant
and methylation is an early molecular event in the evolutiontransformation. Methylation could act as an epigenetic
of adenocarcinoma. Hypermethylation of §th&6 promoter means of inactivating one genetic copy. This, in combina-
region is now the most widely reported epigenetic event tdion with an independent genetic event or a second meth-
occur in the development of human cancér®harmaco- ylation event, can provide sufficient suppression of gene
logic inhibition of methylation with 5-aza-dC in bladder expression and failure to produce functional proteins to
cancer cell lines that also show methylation of th&#6  permit carcinogenesis (Fig. 6).
promoter region can allow gene reactivation and transcrip- This revised model remains consistent with Knudson’s
tion of thep16 product to recur? hypothesis and provides another explanation for the differ-

Disruption of imprinting or parental specific gene inacti- ing clinical characteristics of individual tumors based on
vation, which is a normal function of DNA methylation heterogeneity at the molecular level. It is no coincidence
within the cell, is seen in patients with Wilms tumors. that methylation is now being reported at several genetic
Chromosome 11 contains the ge€s$-2, which has char- locations in which mutation of only one copy has been
acteristics of an autocrine growth factor, aHd9, which  strongly associated with a cancer in the past. These include
appears to acts as a tumor suppressor gene to control c&B and retinoblastoma APC and colorectal cancéf,and
proliferation. These genes are reciprocally expressed, witiHL (von Hippel-Lindau) and renal cancéfsMutation of
only paternallGF2 and maternaH19 being active, to bal- the BRCAlgene is closely associated with familial breast
ance cellular growth. Loss of imprinting of these genes carand ovarian cancers but is less common in sporadic cases.
occur in Wilms tumors® The maternal chromosome reverts
to a paternal pattern of gene expression, with methylation a*yoraar PRE-NEOPLASTIC NEOPLASTIC
normally unmethylated locations upstream to Hi gene,
switching off H19 expressiort’

The catalogue of genes involved in the control of cell
proliferation and whose promoter regions are methylated in /'
specific cancers is rapidly increasing. Documented report:
of these associations are summarized in the Table.

It appears that gene suppression can be achieved wit ?_ FARTIAL INACTIVATION L NACTIVATION
relatively small amounts of methylation at specific defined ~~——

24 Genetic Event

t
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1 Genetic Event 1 Epigenetic Event

sites in the promoter regiorfs.Some degree of selectivity R IS
in this process is therefore implied. This is illustrated by the \ v -
observation that hypermethylation of thEl5 promoter, —— wReTVEGENE Yo

observed in leukemia, and hypermethylation of {5 —x lum:u”lm] —_— ~——— mam
promoter occur independently but rarely simultaneously in ¥ srfonmiCHETER 24 Bpigenctic Bvert Vg

the common cancers, despite their close proximity to each
other at location 9p215 The increased occurrence of meth- Figure 6. Alternative pathways to cancer. Combination of indepen-

lation of genes from normal i with aging. itself a i kdentgenetic (mutation, deletion, insertion) and epigenetic (methylation)
ylation of genes Iro ormattissues aging, I1tsefra rns events leading to complete gene inactivation through different routes

factor for cancer, again suggests that methylation may be aghq molecular heterogeneity within cancers. Genetic events may also
early event in carcinogenesis>3 be precipitated by an initial methylation event.
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Methylation ofBRCAlhas been reported in sporadic breastnext few years. For the present it is accepted that promoter
and ovarian tumor& particularly if there is concurrent loss region methylation of genes involved in the control of cell
of heterozygosity at the BRCAL loc3.Medullary and  proliferation results in their inactivation, and this is a fun-
mucinous breast tumors, more common in familial breastiamental event in the pathway to carcinogenesis.

cancers, show a greater degree of BRCA1 methylation than ) ]
ductal tumors3 Methylation-Related Mutational Events

The combination of genetic and epigenetic events in  \ytation of thep53tumor suppressor gene is thought to
cancer now provides a mechanism for complete mactlvatlormay a key role in the development of many canc@rghe

of poth allelic locations. Classificatior_l qf tumors into cate-gene contains 513 base pairs, of which 42 are part of a CpG
gories based on molecular characteristics and whether they ;cleotide pair. In normal cells these base pairs show

display certain_methylation pattgrns is possible. Tumors Cafipiquitous methylation, and the methylated cytosine resi-
be termed as displaying a CpG island methylator phenotypey ,es show a high propensity to undergo deamination to

or CpG island methylator phenotype positive (CIMP if ¢ thymine?® In this way, a C-to-T point mutational

simultaneous methylation at multiple gene promoter ré+yent occurs. Because thymine is a normal component of

gions, such apl6 hMLHI, or THBS] occurs. This has |,;man DNA, this mutation may not be correctly recognized

been reported in some gastrointestinal tract cancers, and iti?y the DNA repair mechanisms. Instead of repairing the
postulated that the pathway to cancer may be differen

, utated thymine, the complementary strand guanine may
depending on the CIMP status of the tumfiFor example,

3 - . be substituted for adenine to form the normal T-A opposi-
CIMP+ tumors show a higher degree of microsatellite ;o Hence a G-to-A point mutation occurs.

instability and an association with a high mutation rate 0N tha transformation of C to T can occur either through

certain genes such a&RAS but a low association with - g;5ntaneous deamination of 5mC or by an enzyme-medi-
TP53 (p53 mutation. CIMP-negative tumors, in contrast, 5taq mechanism where methyltransferase binding results in

have a greater association with mutations atgB8tumor  yeamination before the methyl transfer to form uracil, which
suppressor gene but few other locatiGh§Vhether distin- is then substituted by thymine after two rounds of DNA

guishing between molecularly heterogeneous groups of W pjication. This second reaction is observed in bacterial
mors of the same origin in this way correlat.es with clinically .ajis and is increased when the availability of the methyl
useful parameters remains to be determined. Both hypeonor saM is deficient. This may be an explanation for the
methylation ofp16 and mutation opS3are recognized as  creased levels of carcinogenesis seen in mice fed a methyl
early and fundamental events in carcinogenesis, and the@roup-deficient dief>7® and the inverse relationship be-
may represent the first steps in alternative routes to the samg .., dietary folate, essential in the SAM metabolism cy-
goal. It is also possible that the classification of tumors inyja and colorectal tumors in humaKsThere is. however

this manner may correlate with their clinical behavior and,,, evidence as yet that this particular SAM deficient mech-
account for different outcomes or responses to treatment. 5 nism plays a significant role in human cells. The major

We do not know what induces methylation to occur atcy se of the high mutation rate at CpG dinucleotides is

previously unmethylated locations in incipient cancer cells”ke|y to be spontaneous deamination of SHCThe vast
or, indeed, whether methylation is the primary event réSPONAajority of the mutational hot spots of B3 gene occur

sible for genetic silencing or merely a secondary eventy the CpG sites, although these sites represent less than a
Theoretically, abnormal methylation patterns could arise aganih of the totap53 genetic code, and further the C-to-T

a result of an overac_tivity of a “methylating” factor or the gnd G-to-A transitions are among the most abundant re-
loss of a “demethylating” factor. The observation that DNA ., 4ed mutation&? This event would be consistent with a
methyltransferase levels are increased in caﬁ?:quyld _ methylation-induced genetic effect, and similar patterns
tend to suggest this concept, but current investigations inp,ve been noted in other genes such as the factor IX Gene.

dicate that the elevation is likely to be a secondary effect of gyme other theories for mutational induction secondary
increased cell proliferation rather than a causal mechag, pyA methylation are:

nism®’ Further, in human colon cancer cell lines, abolition

of DNMT1 activity, normally lethal in embryonic mouse . Failure to produce O6-methylguanine-DNA methyl-

cells, does not alter the methylation pattern either at nor- transferase (MGMT), a DNA repair protein that nor-

mally methylated locations or at abnormally hypermethyl- mally protects from mutations occurring at guanine

ated areas such as tp&6 promoter region. This suggests a bases, results in increased G-to-A mutatibhs.

role for DNA methyltransferases other than DNMT1 or, . Damage to DNA effected by oxygen free radicals has
alternatively, that as yet unelucidated factors are involved in  the potential to cause adenine mutations during tumor

maintaining malignant patterns of methylati$hPutative progression. This effect is limited by glutathionine S
proteins with demethylating activity have been reported, but  transferase and DNA repair protein encoded from the
implication in this process remains inconclusieThe ac- GTSP1 gene. Hypermethylation of the promoter region

tual initiation and maintenance of tumor methylation pat-  of the GSTP1 with subsequent gene inactivation, has
terns will no doubt be an area of active research during the been documented in breast and prostate tumors, and it
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is speculated that these tumors may be predisposed fmatients who have molecular but not yet all the typical
increased oxidative DNA damage by this mechani8m. pathologic or microscopic features associated with frank
. The hypomethylation observed along the genome irmalignancy. Prevention of a subsequent cancer in such
cancers may also predispose to increased mutationglatients may be accomplished by the focal resection or
rates by contributing to overall chromosomal ablation of the involved tissue. Surgical management of
instability.” such potential cancer would be done at a stage before

invasion and metastasis, allowing the use of minimally

These observations show that abnormal methylation pagq asjve procedures that are associated with fewer compli-
terns contribute to the evolution of cancer by several dif-

X cations. Application of this rationale to the growing number
ferent potential pathways. of patients currently requiring regular surveillance endos-
copy to monitor Barrett's metaplasia in the esophagus
CLINICAL RELEVANCE OF DNA would be ideal. Barrett's esophz?lgus is a premallignant Ie-'
METHYLATION sion, but esophageal adenocarcinoma develops in approxi-

mately 10% of patient®?®* The incidence of esophageal
An understanding of the molecular events that lead to theidenocarcinoma is increasiffgand thus selective surveil-
evolution of cancer and are responsible for the heterogengance of patients with Barrett's esophagus is essential. Cat-
ity of tumors in individual patients can be of benefit to the egorization of patients to receive intense endoscopic sur-
clinician for at least three reasons: it can improve theveillance while relieving others from this need may be an
accuracy and timing of the diagnosis of cancer, it canachievable goal using DNA methylation profiles in Barrett's
provide prognostic information about the cancer, and it canissue biopsy specimens.

offer a potential means for cancer therapy. o o
Predicting Outcome and Monitoring Progress

Diagnosis of Early Cancers Staging of tumors based on the levels and pattern distri-

One key to improving the clinical outcome in patients bution of DNA methylation may provide a convenient way
with cancer is the urgent need to diagnose the disease at its assess a tumor’s biologic aggressiveness and to predict
earliest possible stage, which translates into a survival berpatient outcome. It would seem likely that the methylation
efit for the patient. If diagnosis is possible before extensiveand inactivation of genes essential to specific vital cell
local invasion, lymph node spread, or disseminated diseasproliferation events would be associated with a particular
then the surgical resection can be less radical, with fewebehavioral trait of a tumor, such as the ability to form distant
complications and side effects. This forms the rationale fometastases. Based on the principle that mutations of key
population screening and the surveillance of high-risk pagenes such gs53in certain cancers have been linked with
tients. However, the investigative methods used in thesa poor prognosi&® methylation profiles may be able to
cancer prevention programs, such as serum tumor markeraygment current staging classifications.
radiologic procedures, and endoscopic examinations, all The presence of free tumor DNA in the serum of patients
have major drawbacks, such as limited sensitivity and spedias been recognized as a potential means of monitoring the
ificity, expense, and patient compliance. Further, the diagefficacy of cancer theragi. Although genetic defects in the
nosis of equivocal lesions in asymptomatic patients createBNA specific to the tumor of origin can be identified and
a new clinical dilemma, in which further investigations and sometimes correlated with clinical paramet&tthe process
surgery are conducted without proof that they are necessaiig expensive and time-consuming and may not be a reliable
or beneficial. For example, ductal carcinoma in situ is ofterreflection of the state of the dised®e” Abnormal gene
found incidentally in screening mammography; similarly, promoter region methylation patterns within circulating se-
Barrett’s epithelium may be noted during upper gastroinfum tumor DNA from patients with brea8tung 2 liver,®°
testinal endoscopy. Lesions such as these have a risk ahd head and ne2k®*tumors have recently been identified.
developing into invasive cancer, but it is impossible toThis provides a rapid, quantitative, and less expensive bio-
predict with any certainty which patients will have malig- logic marker. Subsequent clinical correlation will determine
nant disease and require surgery, versus which will remaimhether this approach has the sensitivity and sensitivity to
quiescent, making potentially hazardous intervention lespe a useful molecular serum marker. If so, methylation
justifiable. patterns of circulating DNA released by the tumor may

If methylation of gene promoter regions does prove to beprovide a means for monitoring the progress of a tumor and
a consistent and early event in the incipient cancer cellsts response to therapy.
perhaps with ;peuﬂc gene'combllnatlons for.dlfferent CaNp, tontial Tailored Therapeutic Options
cers, a potential tool for diagnosing premalignant lesions
could become available. This may provide the means for a Information about how a cancer develops through molec-
more accurate screening and surveillance rationale by idendar events could allow a clinician to predict more accu-
tifying higher-risk patients on a molecular basis. It would rately how such a cancer is likely to respond to specific
also provide justification for more definitive treatment of chemotherapeutic agents. In this way, a regimen tailored to
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the individual patient and based on knowledge of the tution pertaining to specific cancers in individual patients will
mor’s chemosensitivity could be designed. A simple exam{provide a more precise definition of the exact nature of the
ple is with tumors that increase their proliferation in re- malignancy. This information is likely to affect the nature of
sponse to steroid hormones. Breast and prostate cancessirgical therapy by a greater use of limited-access technol-

some of which are trophic to circulating estrogens andogy in early disease and the more appropriate application of

androgens, respectively, can respond to endocrine therapgxtensive resection in advanced disease.

Some tumors, however, become insensitive to hormonal
blockade, proliferating independently, and are unlikely to

respond to trials of antisteroid hormone medication. BreasReferences
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